Understanding how new subduction zones form is essential for complete articulation of plate tectonic theory. Formation of new subduction zones by collapse of oceanic transform faults or fracture zones is suggested on the basis of empirical evidence. This process has heretofore been investigated with two-dimensional (2-D) numerical models, which thus ignore its intrinsic three-dimensional (3-D) geometry, lateral propagation, and dynamics. Here, we investigate a 3-D thermomechanical model, in which old and thick oceanic lithosphere (plate) is separated by a transform fault from a thinner and younger oceanic plate containing a transform-orthogonal spreading ridge. The results suggest that the older plate starts to sink spontaneously at the ridge-transform fault junction, and then subduction initiation laterally propagates along the transform away from the ridge. Two key factors control the 3-D subduction initiation (SI) dynamics in nature: (1) the age of the sinking plate, which controls its negative buoyancy; and (2) the thermal structure of the overriding plate, which reflects its spreading history. Our numerical models not only shed new light on the SI dynamics of Cenozoic subduction zones (e.g., the Izu-Bonin-Mariana zone in the Pacific Ocean), but also have implications for fossil convergent plate margins (e.g., the Bitlis-Zagros suture zone, west of the Strait of Hormuz). In the latter case, systematic variations in ages of supra-subduction zone ophiolites may reflect diachronous SI and its lateral propagation.
INTRODUCTION
Subduction initiation (SI), either induced or spontaneous, occurs most readily in oceanic lithosphere. Induced SI generally leads to compressional uplift in the forearc region (Hall et al., 2003; Mao et al., 2017) , whereas spontaneous SI causes extension and magmatism (Arculus et al., 2015; Stern, 2004) . It is generally accepted that the negative buoyancy of sufficiently old oceanic lithosphere provides the key driving force for SI; however, the dynamic processes are still widely debated (Gerya, 2011; Gurnis et al., 2004; Stern, 2004; Stern and Gerya, 2018) . For intra-oceanic subduction systems, previous studies suggest that transform faults and fracture zones are potential sites for SI (Deschamps and Lallemand, 2003; Hall et al., 2003; Uyeda and Ben-Avraham, 1972) , especially where the neighboring two plates have a significant age difference, and thus large density contrast. Transform faults and fracture zones provide localized lithospheric weaknesses of great length, thus providing favorable sites and conditions for SI. Transform fault-related SI has been studied via both geological observations and numerical models. For example, the Izu-Bonin-Mariana (IBM) subduction zone (Pacific Ocean) is generally considered a good candidate for studying this SI mode, in which the composition of magmatic rocks erupted during Eocene SI evolved from forearc basaltic, boninitic, and tholeiitic to calc-alkaline (Ishizuka et al., 2011 (Ishizuka et al., , 2014 Leng et al., 2012) , representing the dynamic transition from SI to mature subduction. Another significant characteristic of convergent margins is the large concave curvature of the trench, which may result from either the SI stage or the retreating subduction stage. Understanding the along-strike variations of SI calls for three-dimensional (3-D) numerical models.
Besides young (Cenozoic) SI examples such as IBM, more ancient examples may be represented by supra-subduction zone (SSZ) ophiolites, which record magmatic activity associated with early stages of intra-oceanic subduction (Pearce, 2003) . Thus, the spatial and temporal distributions of SSZ ophiolites are critical clues to understanding SI history (Stern et al., 2012) .
Previous studies also demonstrate that forearc ophiolites obduct along the strike of transform faults during SI (Dewey and Casey, 2011) . Based on existing geochronological data, the along-strike age distribution of Late Cretaceous SSZ ophiolites in the eastern MediterraneanZagros orogen indicates that ophiolites in the central region are ~5-10 m.y. older than those on either side, which may reflect the start and lateral propagation of SI along a preexisting transform-fracture zone (Shafaii Moghadam et al., 2013a) . These typical along-strike variations are crucial for understanding the full dynamics of SI, which requires systematic numerical studies in the 3-D regime; however, such models have not been attempted yet.
In this study, we focus on the initiation and lateral propagation of new spontaneous subduction zones along transform faults, by conducting 3-D high-resolution self-driven numerical models. Following previous two-dimensional studies of transform fault-related SI, the sinking plate is expected to be older, thicker, and denser than the overriding plate. For the young overriding plate, a mid-oceanic ridge (MOR) is implemented perpendicular to the transform fault. Thereby, the overriding lithosphere is characterized by increasing ages from the MOR to both sides. The 3-D model assumes a spreading ridge, but the SI may not require this. Generally, the inactive spreading ridge in the model may represent a certain overriding plate extension and significant along-strike heterogeneity. The initial model configuration is shown in Figure DR1 in the GSA Data Repository Detailed numerical parameters are summarized in the Data Repository.
NUMERICAL MODEL RESULTS
In the reference model, the initial age of the subducting plate is 100 Ma. For the symmetric overriding plate with the MOR in the center, the lithospheric age varies from 0 Ma at the MOR to 20 Ma on both sides. Lithospheric collapse begins spontaneously at the ridge-transform fault junction in the center of the model (Figs. 1A and 1B), which is driven by the negative buoyancy of the old oceanic lithosphere. The age and properties of the overriding plate determine the resistance of SI. The younger, hotter, and thinner MOR is the weakest point, thus causing SI to begin next to it. After starting in the center, SI propagates laterally to both sides, driven by both the local negative buoyancy and the pull of the neighboring subducted slab (Figs. 1C and 1D ).
The SI of the whole old lithosphere occurs after ca. 5.26 Ma, which indicates an average SI propagation rate of ~19 cm/yr. In the early stage, SI propagates rapidly due to the large age and density contrast between the subducting and overriding plates. A straight trench following the transform forms during this stage ( Fig. 2A) . When SI propagates farther away from the MOR, the propagation rates slow due to larger resistance from increasingly older and thicker overriding plate. In this stage, the subducting slab in the center sinks and retreats faster; however, the along-strike propagation is slower. Thus, the extension of the overriding plate is forced to respond, creating a wider forearc where the ridge-transform intersection was. Consequently, large concave curvature of the trench results (Figs. 2B) . When the whole subducting plate (which is limited laterally by two free-slip model boundaries serving as two extremely weak subduction-transform edge propagator faults; Govers and Wortel, 2005) begins to subduct into the mantle, the concavity decreases, indicating a lessening effect of overriding plate resistance (Fig. 2C) . The age of subducting oceanic lithosphere is also a critical parameter because this controls the density and thus the negative buoyancy, which further determines the trench geometry and SI propagation rates (cf. Figs. 3A-3C ).
GEOLOGICAL IMPLICATIONS
The IBM subduction zone is the typical example for SI because of the well-studied sequence of magmatic rocks generated from SI to mature subduction, as revealed by the recent International Ocean Discovery Program (IODP) drilling (Arculus et al., 2015; Reagan et al., 2017) . When the old and dense lithosphere collapses and sinks into the mantle, hot asthenosphere upwells and experiences decompression melting, which results in the first magmas having MOR basalt (MORB)-like compositions. Rapid trench retreat during the initial subduction adjacent to the overriding MOR is clearly demonstrated in our numerical models. Plate tectonic reconstructions have shown that the IBM subduction zones originated from collapse of the Pacific plate adjacent to a transform fault with a MOR on the overriding plate ( Fig. 4A ) (Casey and Dewey, 1984; Deschamps and Lallemand, 2003) , which is consistent with our numerical models. The SI process along the strike of the trench is still unclear in the IBM subduction zone. Our numerical models provide an optional evolution model, which is related to the along-strike diachronism of SI. IBM SI strongly depends on the MOR configuration of the overriding plate. It has long been known that the Central Basin fault in the West Philippine Sea marks the location of a Paleogene spreading ridge ( Fig.  4A ; Fujioka et al., 1999) , although most of its spreading happened after SI. Consequently, it would have been easiest for subduction to have initiated in this region, due to the extremely young overriding plate and thus low resistance. Afterward, SI would have propagated to both the north and south and may have formed a curved trench. The Kyushu Palau Ridge is thought to approximate the residual trace of the original IBM trench (Ishizuka et al., 2018) . Because this ridge (Fig. 4B) does not show strong curvature, IBM SI may have experienced very fast alongstrike propagation, which is consistent with the existing age constraints (Ishizuka et al., 2018) . Previous studies indicate the subducting plate was ca. 50-70 Ma in age during IBM SI (Hall et al., 2003; Leng and Gurnis, 2015) , which may have resulted in fast propagation rates and thus less curvature. This is consistent with what we see today for the trace of the Kyushu Palau Ridge. The evolution of the ridge and its relation to the original locus of IBM SI requires further study to test our model. Three-dimensional numerical modeling of spontaneous SI along a transform fault is useful not only for understanding recent subduction zones (e.g., IBM), but also for understanding older ones that have evolved into collisional orogens. SSZ ophiolites represent oceanic lithosphere that formed in the upper plate during SI, analogous to the forearcs of modern intra-oceanic convergent margins (Ishizuka et al., 2014; Stern, 2010; Stern et al., 2012) , such as IBM. Late Cretaceous ophiolites along the BitlisZagros suture zone in Cyprus, Turkey, Syria, Iran, and Oman have clear SSZ geochemical affinities and are increasingly interpreted to represent Neotethyan forearc oceanic lithosphere (Shafaii Moghadam et al., 2013a , 2013b . A recent compilation of geochronological data indicates that the Nain and Dehshir ophiolites in the middle of this belt formed at ca. 100 Ma, and the ages of Zagros ophiolites are younger on both sides (see Fig. 4C ). These age relationships indicate that Late Cretaceous SI may have begun in the center (Zagros) and then laterally propagated to both the west and east. From the central to the western part of the belt, the inferred propagation rate was ~15 cm/yr, while SI propagated at ~7 cm/yr from the central to the eastern part ( Fig. 4D ) (Shafaii Moghadam et al., 2013b) . According to the numerical models, the propagation of SI along the transform faults or fracture zones highly depends on the overriding plate. The heterogeneity of the overriding plate may be the controlling factor, which led to the diachronous distribution of SSZ ophiolites along the Bitlis-Zagros orogen. The SSZ ophiolites formed essentially in situ along a pre-Late Cretaceous transform fault near the continental edge and were then deformed during subsequent subduction and continental collision. The propagation rates in our numerical models with old subducting plate (e.g., 100 Ma) are a bit faster (~19 cm/yr) than those determined from the geological data (7-15 cm/yr). In addition, the younger sinking slab and/or older overriding plate would have led to slower along-strike propagation of SI (Table DR3 in the Data Repository). The diachronous tectonic evolution explains how a new subduction zone may have begun in the Late Cretaceous on the southwest margin of Eurasia and propagated along this margin.
CONCLUSION
We use 3-D thermo-mechanical numerical models to investigate spontaneous SI and its lateral propagation along a transform fault. The main conclusions we draw from this study are:
(1) SI along a transform fault is expected to be a diachronous process in which SI is likely to begin at the weakest point-the ridge-transform fault junction-and then propagate laterally.
(2) In the early stage, SI propagates rapidly due to the large age and density contrast between the subducting and overriding plates. A straight trench forms during this stage. In the later stage, the SI propagation rates slow and large concave curvature of the arc-trench system develops.
(3) Along-strike propagation rates of SI depend on the age contrast between the subducting plate and the overriding plate and are likely to vary from 5 to 20 cm/yr.
(4) The modern Izu-Bonin-Mariana convergent margin may have formed as a result of collapse of the Pacific plate along a transform fault, with SI starting at the transform-ridge junction and then propagating along the transform in both directions.
(5) The distribution of SSZ ophiolites with different ages along orogenic belts (e.g., BitlisZagros suture zone) may represent the start and lateral propagation of SI.
